The quality of regional ocean reanalysis data for "the joining area of Asia and the Indian-Pacific Ocean (AIPO)" has been assessed from the perspective of ENSO-related ocean signals. The results derived from the AIPO reanalysis, including SST, sea surface height (SSH), and subsurface ocean temperature and currents, are compared with those of Hadley Center Sea Ice and Sea Surface Temperature (HadISST) data set and Simple Ocean Data Assimilation (SODA) reanalysis data. Both the spatial pattern and the characteristics of evolution of the ENSO-related ocean temperature anomalies are well reproduced by the AIPO reanalysis data. The physical processes proposed to explain the life cycle of ENSO, including the delayed oscillator mechanism, rechargedischarge mechanism, and the zonal advection feedback, are reasonably represented in this dataset. However, the westward Rossby wave signal in 1992 is not obvious in the AIPO data, and the magnitude of the heat content anomalies is different from that of the SODA data. The reason for the discrepancies may lie in the different models and methods for data assimilation and differences in wind stress forcing. The results demonstrate the high reliability of the AIPO reanalysis data in describing ENSO signals, implying its potential application value in ENSOrelated studies.
Introduction
"The joining area of Asia and Indian-Pacific Ocean (AIPO)" refers to the ocean area that surrounds both the East Asian and South Asian continental area and that connects to both the Western Pacific and the Indian Ocean. AIPO is one of the key areas affecting the short-term climate variation over China. The air-sea interaction in the AIPO area is one of the key factors leading to the largescale, persistent or explosive meteorological disasters in China. Therefore, it is urgent that the characteristics of the air-sea interactions be explored and that the mechanisms in the AIPO area be explored (Wu et al., 2006) .
To accomplish this goal, a large amount of reliable reCorresponding author: WANG Lu, wanglu2007@mail.iap.ac.cn analysis data covering the whole AIPO region is required. However, there are no specific synthesis data for this region. For example, regional ocean-assimilated data such as the Multivariate Ocean Variational Estimation (MOVE) (Fujii and Kamachi, 2003) and the China Oceanic ReAnalysis (CORA) (Han et al., 2011) only focus on small areas of the northwestern Pacific and the coastal region of China, which are not sufficient for the stated purpose. The only data that can be used are several sets of global ocean reanalysis data, such as the Simple Ocean Data Assimilation (SODA) (Carton and Giese, 2008) , the Global Ocean Data Assimilation System (GODAS) (Behringer and Xue, 2004) , and the products from the Geophysical Fluid Dynamics Laboratory (GFDL) (Zhang et al., 2007) . The Institute of Atmospheric Physics (IAP) has recently developed an ocean reanalysis system and delivered a set of high-resolution data for the region of AIPO region with the use of the Hybrid Coordinate Ocean Model (HYCOM) (Bleck and Smith, 1990 ) and the Ensemble Optimal Interpolation (ENOI) (Evensen, 2003) scheme (Yan et al., 2010) . This combination is unique. The system uses new methods in the assimilation process. The assimilated data include the combined sea level anomaly (SLA) data from Collecte Localisation Satellites (CLS) with a resolution of 1/3 degree  1/3 degree Mercator grid. Also included are satellite-based SST data and the in-situ temperature and salinity profiles from the comprehensive data set ENSEMBLES (EN3 version 1d) (Ingleby and Huddlestion, 2007) , which includes the World Ocean Database 2005 (WOD05), the Global Temperature-Salinity Profile Program (GTSPP), the Array for Real-time Geostrophic Oceanography (ARGO), and the Arctic Synoptic Basin-wide Oceanography (ASBO) project. The preliminary examination of this data demonstrated its good performance in describing the temperature variability and heat content warming trends (Yan et al., 2010) , which implies that the data may be reliable and valuable for understanding the ocean's role in climate variability in the AIPO area. However, the ENSO variability has not yet been examined in this dataset, which is important and may be a good metric for evaluation.
The objective of the present study is to make a detailed evaluation of the new ocean reanalysis data in depicting ENSO-related signals. This study includes an analysis of the spatial pattern and evolution fields of ocean temperatures and the primary dynamic processes of ENSO. The organization of this paper is as follows. The datasets employed in this study are described in section 2. The performance of the AIPO data is described in section 3. Finally, concluding remarks are given in the last section.
Data description
The data evaluated in this study (referred to as AIPO data) have a horizontal resolution of 3/4 degrees by 3/4 degrees, ranging from 51°S to 62°N and 30°E to 69°W. The period studied is from 1992 to 2006. The variables include SST, sea surface height (SSH), and subsurface ocean temperature and velocities. The observed SST data used for comparison are monthly SSTs from Hadley Center Sea Ice and Sea Surface Temperature data set (HadISST) (Rayner et al., 2003) , which are independent of the Reynolds SSTs assimilated into the AIPO data. The subsurface and SSH data used for comparison are monthly data from SODA 2.0.2 (Carton and Giese, 2008) , in which the altimetry data used for assimilation are the same as those of the AIPO data. The analysis periods are confined to the same period as the AIPO data.
Evaluations
First, we compared the Niño indexes between the HadISST data and the AIPO data. These indexes show rather high correlations, with the Niño 3 index being 0.99, the Niño 4 index being 0.97, and the Niño 1+2 index being 0.97. Then, we regressed the SST anomalies (SSTAs) from the two datasets onto each standardized Niño 3 index, and we compared the spatial patterns of ENSO (Fig.  1) . The SSTAs during the mature phase of El Niño exhibit a striking dipole with a cold polarity located at the western Pacific and a warm polarity in the equatorial eastern-central Pacific. From these polarity centers, anomalous cold and warm bands emanate poleward and eastward toward the extratropics. The anomalous cold zone in the western Pacific exhibits a horseshoe pattern. Note that the SST anomalies in the Indian Ocean basin are warmer
Figure 1
Geographical distribution of the regression coefficients of the SST anomalies (units: K) onto the standardized Niño 3 index based on (a) HadISST SST and (b) AIPO SST. than normal at the same time. In general, the AIPO SSTAs show a nearly identical pattern to the observation. However, the SST warming in the central equatorial Indian Ocean, the South China Sea, and off the western coast of North America is weaker than that of HadISST, and the SST cooling centered at (35°N, 170°W) is also weaker.
The average evolution of the SST anomalies and the heat content anomalies in the upper ocean associated with ENSO between the reanalysis data from SODA and AIPO are compared in Fig. 2 . In the SODA data (Fig. 2a) , the equatorial SSTAs show a nearly stationary growth from the coast of South America to 160°E. The SSTAs develop slightly earlier in the west than in the east (both approximately 9-12 months prior to the event peak) and then decay eastward approximately 9-12 months after the peak. At the Niño 3 SSTA peak, there are cold anomalies in the far western Pacific. There are also cold SSTAs in the central Pacific, both before and after the warm event. In the subsurface (Fig. 2b) , there is a slow eastward propagation of positive heat content anomalies from the equatorial central-western Pacific (135°E135°W) starting approximately 18 months prior to the event peak. This process results in a reduction of the zonal slope of the thermocline at the peak of El Niño, and the maximum zonal gradient of the temperature anomalies / T x    is near 180°, with a value of 3.710
7 K m
1
. The AIPO data (Figs. 2c and 2d) show nearly identical characteristics of the evolution of SSTAs and the heat content anomalies in the upper ocean. However, the source of the eastward positive heat content anomalies is only confined within the western Pacific (135°E180°), and the resultant ( / ) T x    is weaker than that in Fig. 2b . The discrepancies of the temperature evolution are related to those of the zonal current anomalies (u′), which will be shown in Figs. 4b and 4d.
As proposed by Guilyardi et al. (2009) , the metrics to assess the ENSO phenomenon involve not only the statistical characteristics but also a variety of physical processes responsible for ENSO's evolution. In the following, we made an assessment of the performance of the AIPO data in describing several key physical mechanisms of ENSO through a comparison with the reanalysis data derived from SODA. One of the primary mechanisms explaining the transition of ENSO is called the delayed oscillator, which stresses the importance of oceanic waves (Battisti, 1988; Schopf and Suarez, 1988; Suarez and Schopf, 1988; Battisti and Hirst, 1989) . It is argued that the wind anomalies off the equator induced by SST perturbations in the central equatorial Pacific drive Rossby waves on the ocean thermocline, which propagate westward, and, on reaching the western boundary reflect into equatorial Kelvin waves propagating eastward. The Rossby wave can be identified by a Hovmoller diagram of SSH anomalies averaged between 5°N to 8°N (Figs. 3a and 3c), and the Kelvin wave can be identified between 2°S to 2°N (Figs. 3b and 3d) . A prominent wave propagation case was found during the 1997/98 El Niño event. First, the upwelling Rossby wave (represented by the negative sea surface height anomalies) was induced in the central off-equatorial Pacific region and began to propagate westward in the summer of 1997 (Fig. 3a) . Then at the end of 1997, the Rossby wave reached the western boundary, which in turn induced the equatorial upwelling Kelvin wave propagating eastward (Fig. 3b) . The SSH anomalies derived from the AIPO dataset can capture the 1997/98 and 2002/03 cases, but with a weaker amplitude (Figs. 3c and 3d) . However, the Rossby wave propagation in 1992 cannot be well represented. As the observed SLA data assimilated in the two products are the same, the reason for the discrepancies may lie in the difference of the models and methods for assimilation.
In addition to the delayed oscillator mechanism, the recharge-discharge theory proposed by Jin (1997a, b) is another important mechanism explaining the life cycle of ENSO, and it can be verified through the SODA dataset (Fig. 4a) . According to the recharge oscillator theory, during the developing phase, the strong positive heat content prevails in the equatorial region, and the strong negative heat content exists north of the equator. The magnitudes of both heat content anomalies are almost the same, which implies that the equatorial heat content comes from the off-equatorial region. After the peak phase of the El Niño event, the equatorial heat content is rapidly discharged so that a strong negative anomaly appears. At the same time, the zonal-mean heat content anomalies north of the equator develop with a similar magnitude as the equatorial one, but with the opposite sign, which implies that the equatorial heat content is transported to the off-equatorial region. Note that the heat content anomaly south of the equator has the same sign as the equatorial one, which means that the recharge-discharge mechanism only applies to the region between the equator and the region north of the equator, as mentioned by Kug et al. (2003) . The AIPO dataset can represent the general characteristic of the heat content anomalies change both in the equatorial and off-equatorial area. However, the magnitude of the negative temperature anomalies at lag 3 around 10°N (Fig. 4d) is only half of that in Fig. 4a . This result is due to the discrepancies of the meridional current anomalies (v′, see contour in Figs. 4a and 4d) between the two products. In the SODA data (Fig. 4a) , a negative v′ exits within 0° and 10°N from lag 18 to lag 3, which transports the heat content southward continuously. In the AIPO data (Fig. 4d) , however, the v′ is positive within 0° and 10°N from lag 18 to lag 12. The opposite sign of v′ would reduce the southward heat content transport from the off-equatorial region, resulting in the weaker negative heat content anomalies at lag 3 near 10°N.
Apart from the above two mechanisms responsible for the ENSO evolution, the anomalous zonal advection (i.e., / u T x     ) can also make a great contribution to the ENSO life cycle (Picaut et al., 1997; Jin and An, 1999) . Figures 4b and 4d show the evolution of the equatorial u′ at the upper ocean associated with ENSO based on the SODA and AIPO datasets, respectively. It can be seen in Figs. 4b and 4e that there are eastward current anomalies prior to the warmest SST anomalies in the equatorial central eastern Pacific, and there are westward current anomalies after the event. Because the background zonal SST gradient is negative (i.e., / 0 T x    ) in the equatorial Pacific, the eastward advection helps to warm the east, and the westward advection helps to restore the Pacific to equilibrium. Both datasets could represent the mechanism, but discrepancies in both sign and magnitude can be found between Figs. 4b and 4e. A positive u′ exits within 170°E and 135°W from lag 18 to 12 in Fig. 4b , whereas a negative u′ is shown in Fig. 4e . The opposite sign of u′ would result in the opposite sign of heat content anomalies within 180° and 135°W, as seen in Figs. 2b and 2d. In addition, the positive u′ at lag 3 near 180° in Fig.  4e is weaker than that in Fig. 4b , leading to the weaker zonal contrast of temperature anomalies at lag 0 (Fig. 2d) . To further quantify the difference of u′ between the two products, the time series averaged in three parts of the Equatorial Ocean were compared. The correlations of u′ between the two products at the western (2°S-2°N, 135°E-180°) and central (2°S-2°N, 180°-135°W) boxes are similar (0.70 vs. 0.72) , while that at the eastern box (2°S-2°N, 90-135°W) is lower (0.63). The discrepancies of u′ can be partly attributed to the different wind stress forcing: the European Center for Medium-Range Weather Forecasts (ECMWF) six-hourly data used in AIPO, and the 40-yr ECMWF atmospheric reanalysis (ERA-40) data (Uppala et al., 2005) used in SODA. As seen in Figs. 4c and 4f, the westward wind stress anomalies within 170°E and 135°W from lag -18 to -12 used in AIPO are stronger than that used in SODA. Another reason may lie in the different ocean models and methods used for assimilation.
Conclusions
This study evaluates the quality of AIPO regional ocean reanalysis data in terms of ENSO-related signals through comparisons with HadISST data and SODA reanalysis data. The variables assessed include SST, SSH, and subsurface ocean temperature and currents. The results show that the AIPO data captures most of the realistic features, such as the evolution of Niño indexes, the spatial pattern of SSTA and the primary physical processes responsible for the life cycle of ENSO (i.e., the zonal propagation of oceanic waves, the variation of heat content anomalies, and the evolution of the zonal current anomalies). However, discrepancies between the different reanalysis products can also be found. The zonal contrast of the heat content anomalies at the El Niño peak in AIPO is weaker than that in SODA, and the magnitude of the negative heat content anomalies near 10°N prior to the El Niño peak in AIPO, are only half that in SODA. The reason lies in the differences in the ocean current anomalies, which are further due to the different wind stress forcing and different ocean models used for the assimilation. The westward Rossby wave propagation in 1992 can be captured by SSH in SODA, but cannot be well represented in AIPO. As the observed SLA data assimilated in the two data are the same, the reason for the discrepancies may lie in the difference of the models and methods for assimilation. In summary, the assessment shows that the AIPO reanalysis may be highly useful for ENSO-related studies, but the discrepancies between the different reanalysis data should also be noted.
